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Abstract 
In a solidification process, the microstructure depends on the alloy characteristics and is a function mainly of the 
temperature evolution ahead the solid/liquid interphase. Among the several phenomena occurring during solidification, 
like solute segregation and morphology stability, one of the most important is dendritic growth. The most important 
dendrite parameters are the primary, secondary and tertiary arm spacings due to their influence on mechanical properties. 
An efficient method of examining the evolution of dendrite arms is to apply steady-state directional solidification with an 
imposed growth rate, V, and a thermal gradient, G, at the solid/liquid interphase. In this work, experiments were 
performed under unidirectional solidification in a device cooled with water, and Zn-1%Al and Zn-2%Al (wt%) alloys 
were solidified in a vertical upward (0º), inclined at 30° and 45° to the vertical and horizontally upward (90º to the 
vertical).The position of the transition from columnar-to-equiaxed structure (CET) through macro- and micro-analysis was 
determined, and significant thermal parameters by recording temperature-time data. The results show that the direction of 
growth of dendrites is about the direction of heat extraction and that the angle of inclination of the columnar grains with 
the longitudinal axis of the alloy sample coincides approximately with the angle of inclination of the furnace. 
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1. Introduction 
Zinc gravity casting alloys can be used for general industrial applications where strength, hardness, wear 
resistance or good pressure tightness are required. Zinc alloys are often used to replace cast iron because of 
their similar properties and higher machinability ratings. The good bearing and wear characteristics of zinc 
alloys make them suitable for use in bearing bushings and flanges. Other applications in which zinc alloys 
have successfully substituted cast iron or copper alloys include fuel-handling components, pulleys, electrical 
fittings and hardware components (Yang 2003). 
Zinc gravity casting alloys are attractive for their low melting temperatures (below 540°C) and casting 
temperatures and because their low energy requirement. They are readily cast in thin sections (less than 0.25 
cm in sand molds). Melting and casting of these alloys are virtually pollution-free. No fluxing or degassing is 
required, and because of the low casting temperatures, minimal pollution from the sand mold results (Yang 
2003, Barnhurst 1991). Hypoeutectic alloys have a composition close to 4%wtAl. Hypereutectic alloys 
possess aluminum content greater than eutectic ones (5wt.%Al). All of the zinc casting alloys have 
dendritic/eutectic microstructures; however, hypoeutectic alloys solidify with zinc-rich dendrites, whereas 
hypereutectic alloys solidify with aluminum-rich dendrites. The relevance of the problem under study is that 
the solidification variables, including natural convection, affect the structures of the solid and the formation of 
defects. They are also important for predicting the structure and properties of a given cast piece (Maxwell and 
Hellawell 1975, Dustin and Kurz 1986, Lipton et al. 1984, Hunt 1984, Biloni and Chalmers 1965, Rappaz and 
Gandin 1993, Wang and Bekermann 1996, Spittle 2006). 
This study is focused on the columnar-to-equiaxed transition (CET) in two Zn-Al (ZA) alloy systems (Zn-
1wt.%Al and Zn-2wt.%Al) in samples solidified vertically upward (0 degrees) and tilted with three different 
angles with respect to the vertical direction (0º); 30º, 45º and 90º. The solidification parameters on the CET, 
including the position of the solidification fronts given by the liquidus and solidus temperatures, the cooling 
velocity of the liquid temperature gradient and the recalescence, were determined and analyzed. The 
macrostructure (grain size) and microstructure (secondary dendrite arm spacing) and the presence of porosity 
were also analyzed. 
2. Experimental details 
Alloys of two different compositions were prepared from zinc (99.98%) and commercial aluminum 
(99.96%). The alloy samples were melted and solidified directionally upwards in an experimental setup 
consisting of a heating unit, a temperature control system, a temperature data acquisition system, a sample 
moving system and a heat extraction system, see Figures 1 (a) and (b) (Ares 1997, Ares and Schvezov 2000, 
Ares et al. 2002, Ares and Schvezov 2007, Ares et al. 2010). First, the experiments were carried out in the 
directional solidification setup vertically upward (see Figure 1 (a)) and then using different angle positions 
(30º and 45º) and finally using the directional solidification setup horizontally upward (90º) (Figures 1 (b), (c) 
and (d)). Initially, the melt was allowed to reach the selected temperature and then, the furnace power was 
turned off and the melt was allowed to solidify from the bottom. Heat was extracted from the bottom through 
a cooling system, which consisted of a copper cylinder cooled by running water. The temperature was 
measured using six K-type thermocouples, which were protected with a ceramic shield. The set of 
thermocouples was inserted in the center of the probes using individual Pyrex tubes (internal diameter 2.5-mm 
and external diameter 3-mm). The distance between thermocouples was set at 20 mm. 
-based alloy samples were cut in the axial direction, and 
then polished and etched using concentrated hydrochloric acid at room temperature, followed by rinsing and 
wiping off the resulting black deposit. 
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(b) 
 
(c) 
 
(d) 
Fig. 1. Experimental setup positioned (a) vertically upward (0º), (b) inclined at 30º from the vertical, (c) inclined at 45º from the vertical, 
and (d) at 90º from the vertical. 
To reveal the microstructures, the samples were etched with a mix containing chromic acid (50 g Cr2O3; 4 
g Na2SO4 in 100 ml of water) at room temperature (Vander Voort 2000).  Some of the macro- and 
microstructures obtained with different angle positions of the furnace are shown in Figures 2 for Zn-1wt.%Al 
alloy. The microstructure and porosity were observed and measured at each location using an Arcano® 
metallographic microscope and SIS image-analysis software. 
3. Results 
3.1. CET determinations 
A number of eight directional solidification experiments in a range of two alloy compositions (Zn-1wt.%Al 
and Zn-2wt.%Al) and four directions of solidification (tilting angle of the furnace) were performed.  
30º 
45º 
90º 
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As an example, typical results of the transition inclined at 30°are shown in Figure 2. It is observed that the 
transition occurring in a zone where some equiaxed grains co-exist with columnar grains is not affected by the 
furnace inclination. The size of the transition zone is in the order of up to 10 mm between the minimum 
position of the CET (CETMIN.) and the maximum position of the CET (CETMAX.).  
 
Fig. 2. (a) and (b) Macrostructures and (c) microstructure of Zn-1wt.%Al alloy; (d) and (e) Macrostructures and (f) microstructure of Zn-
2wt.%Al alloy, solidified at 30º.  
Table 1. Important parameters of each experiment: alloy concentration, angle of the inclination of the furnace (direction of solidification), 
liquidus temperature (TL), solidus temperature (TS), average position of the CET (CETAverage) between the minimum position (CETMIN.) 
and the maximum position (CETMAX.), and width of the CET zone. 
# Alloy 
 
Furnace  
inclination 
(º) 
TL 
(°C) 
TS 
(°C) 
CETAverage 
(mm) 
CETMin 
(mm) 
CETMax 
(mm) 
Width of CET  
(mm) 
1 Zn-1wt.%Al 0º (vertical) 417 382 75 59 91 32 
2 Zn-1wt.%Al 30º 417 382 42.5 56 73 17 
3 Zn-1wt.%Al 45º 417 382 64.5 31 54 23 
4 Zn-1wt.%Al 90º (horizontal) 417 382 33 24 42 18 
5 Zn-2wt.%Al 0º (vertical) 413 382 78 70.5 87 16.5 
6 Zn-2wt.%Al 30º 413 382 66 60 72 12 
7 Zn-2wt.%Al 45º 413 382 37.5 34 41 7 
8 Zn-2wt.%Al 90º (horizontal) 413 382 32 25 39 14 
 
The length of the columnar zone is larger for samples directionally solidified upward (0º) than the samples 
solidified with inclination (30º, 45º and 90º) with approximately the same cooling rate (Table 1, column # 9). 
In the samples solidified with inclinations, the natural convection reduces the temperature gradients 
anticipating the CET. Also, the direction of growth of the dendrites is about the direction of heat extraction.  
30º
CET 
30º 
(b) 
(c) 
(d) (e) 
(f) 
150 m 
480 m 
30º
30º
(a) 
CET 
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The angle of inclination of the columnar grains and columnar dendrites with the longitudinal axis of the alloy 
samples coincides approximately with the angle of inclination of the furnace. It is important to note at this 
point that no effect of the set of the thermocouples in the transition is observed; either acting as nucleating 
sites or changing the solidification structure. 
3.2. Temperature measurements and solidification parameters 
The solidification parameters were calculated from the temperature versus time data. The cooling rate in 
the liquid, T Liquid, was calculated from the slope of the temperature versus time curve in the period related to 
the cooling of the melt. The average cooling rate at the beginning of solidification in the thermocouple at the 
CET position is reported in Table 1.  
The start and the end of solidification at each thermocouple determine the positions of the solidification 
fronts versus time, which correspond to the experimental liquidus and solidus temperature, respectively. The 
position of the solidification fronts versus time is determined by the start and the end of solidification at each 
thermocouple, which correspond to the liquidus and the solidus temperature, respectively. Both points are 
detected by the changes in the slopes of the cooling curve at the start and end of solidification. The local 
solidification time at each thermocouple location is determined by the time it takes for the temperature to go 
from the liquidus to the solidus temperature.  
The  velocity  of  the  solidification  fronts  is  calculated  as  the  distance between the thermocouples 
divided by the time it takes either the liquidus or solidus temperature to  go  from  the  lower  to  the  upper  
thermocouple.  These velocities are denoted as VL and VS, respectively. The velocities of the liquidus and 
solidus fronts are presented in Figure 3 (a) for Zn-1wt.%Al. In all cases, the velocity of the solidus front, VS, 
remains low and the velocity of the liquidus front, VL, advances very quickly.  
At the moment of the CET, the values of the velocity of the liquidus front, VLC, for Zn-1wt.%Al alloys is 
about 0.96 cm/s for 0º, 0.81 cm/s for 30º, 0.75 cm/s for 45º and 0.26 cm/s for 90º (horizontal position) (Figure 
3 (a)). The values of VL in the case of Zn-2wt.%Al alloys are higher than for Zn-1wt.%Al alloys; VLC is 0.98 
cm/s for 0º, 0.90 cm/s for 30º, 0.81 cm/s for 45º and 0.42 cm/s for 90º. 
The  temperature  gradient  at  all  times  is  calculated  dividing  the  temperature difference between two 
thermocouples by the separation distance between them. The values of the gradient at the moment of the CET, 
GCritical, for all experiments are listed in Table 2. For both concentrations, a negative GCritical was observed in 
the case of horizontally (90º) solidified samples (-1.95 ºC/cm and -4.88 ºC/cm for Zn-1wt%Al and Zn-
2wt%Al, respectively) and in the case of Zn-2wt%Al solidified vertically (0º) upward (-0.51ºC/cm). For the 
other inclinations, the GCritical was minimum and positive. There were no significant differences in the shape of 
the gradients at the position of the CET when the samples were solidified with 30º and 45º of inclination, as 
observed in Figures 3 (b).  
Recalescence, Rec, is the result of the latent heat released by the equiaxed grains that nucleate ahead of the 
liquid interphase. These nuclei start to grow in the region adjacent to the liquid interphase and release latent 
heat, which overheat the surrounding melt. It results adequate to assume that, as a result of this, some small 
grains and nuclei may remelt, producing two effects: stopping the liquid interphase momentarily and 
interrupting or slowing down the flow of heat from the bulk melt, but not remelting some grains ahead and 
away of the recalesced zone. Once the latent heat is diffused in both directions, into the melt and the mushy 
zone, the process of heat flow from the bulk melt and the solid is restarted. However, the recalesced zone is 
depleted of grains and nuclei. As a result, the equiaxed grains ahead of the zone away from the interphase 
grow to larger sizes than grains which have to nucleate and grow in the recalesced zone, competing with the 
slow growing dendrites from the columnar grains.  
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The recalescence values are listed in Table 2. It is observed that they are higher for both the vertical and 
horizontal samples than for the other directions of solidification. 
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Fig. 3. (a) Liquidus, VL, and solidus, VS, interphase velocities and (b) Temperature gradients versus time. The arrows indicate the position 
of the CET for each direction  of solidification.  
 
The recalescence (Rec), is the result of the latent heat released by the equiaxed grains that nucleate ahead  
The samples presented some porosity which may be estimated using the Niyama criterion, which is defined 
as the local thermal gradient divided by the square root of the cooling rate (i.e., T/GNy ) (Niyama et al. 
1982, Carlson et al. 2002, Carlson et al. 2005). This criterion predicts the presence of micropores between 7.2 
cm and 9.1 cm of the bottom of the samples of the present experiments (Table 2). 
For the samples solidified vertically upward the predicted and observed position of the micropores is near 
the zone where the CET occurs. 
Table 2. Important thermal parameters of each experiment and alloy concentration: average cooling rates (T ), critical liquidus interphase 
velocity (VLC), critical temperature gradients (GC), recalescence (Rec), minimum Niyama number (Nyminimum) and microporosity position.  
# Alloy 
 
T Liquid 
(°C/s) 
VLC 
(cm/s) 
GCritical 
(°C/cm) 
Rec 
(ºC) 
Ny minimum 
[(ºC.seg)1/2/cm] 
Microporosity position  
(cm) 
1 Zn-1wt%Al 0.06 0.96 1.00 2.56 17.41 8.1 
2 Zn-1wt%Al 0.07 0.81 3.33 1.72 18.02 7.8 
3 Zn-1wt%Al 0.07 0.75 1.91 1.55 11.61 8.9 
4 Zn-1wt%Al 0.05 0.26 -1.95 2.72 13.24 9.1 
5 Zn-2wt%Al 0.07 0.98 -0.50 2.91 18.36 7.5 
6 Zn-2wt%Al 0.06 0.90 2.78 1.31 14.78 7.2 
7 Zn-2wt%Al 0.06 0.81 2.05 0.95 9.013 7.5 
8 Zn-2wt%Al 0.05 0.42 -4.88 3.01 11.63 8.1 
3.3. Grain size and secondary dendritic arm spacing measurements and orientations 
The evolution of grain size with distance from the bottom of the sample is shown in Figures 4 (a) for one 
concentration of alloy.  
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The size of the equiaxed grains for a Zn-1wt.%Al sample solidified with 0º of inclination (Figure 4 (a)) is 
0.7 mm in the transition region and then starts to monotonically increase up to a value of 1.4 mm at the end of 
the sample. In the case of the width of the columnar grains, it is observed that the size increases from 1.4 mm 
in the fully columnar zone to 2.3 mm at the end of the transition region. A similar analysis was performed for 
experiments 
degree). In the transition zone, it was observed that the size of the equiaxed grains is smaller than the width of 
the columnar grains. However, in all cases, the size increases after the transition. As reported by Ares et al. 
2010 value, and then 
decreases or remains constant.  It was observed that the grain size in Zn-2wt.%Al is higher than that in Zn-
1wt.%Al, possibly because the value of the cooling rate in the alloy with 2wt.%Al was lower than the value 
for 1wt%Al alloy (Table 2, column # 1). Working in Pb-Sn alloys, Ares et al. (2000) obtained that the grain 
size is approximately constant for Pb-2wt.%Sn and Pb-4wt.%Sn, increases in size between 4wt.%Sn and 
20wt.%Sn, but remains approximately constant between 20wt.%Sn and 40wt.%Sn (Ares 1997, Ares and 
Schvezov 2000). Similar results were found by Gandin 2000 and Ziv and Weinberg 1989. The grains in the 
case of solidification at 30º and 45º are finer than in the case of 0º and 90º for both regions (columnar and 
equiaxed) and both alloy concentrations, probably due to a slightly higher cooling rate (Table 2, column # 3). 
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Fig. 4. (a) Grain size and (b) secondary dendritic arm spacing versus distance from the bottom of the sample. Zn-1%Al. 
 
Figure 4 (b) show the evolution of the secondary dendritic arm spacing ( 2) as a function of the distance 
from the heat extraction surface (bottom of the sample) for two hypoeutectic alloys, Zn-1wt.%Al, and for all 
the inclinations of the furnace (0º, 30º, 45º and 90º). It is possible to see that 2 increases from the CET zone 
of the samples, due to the fact that the heat extraction and cooling rate are higher during columnar than during 
equiaxed growth, producing a shorter solidification time. The black points in the figures indicate the 2 values 
in the CET zone of the samples. It is obtained that the 2 for 1wt.%Al is larger than for 2wt.%Al y, which is 
expected for the higher increase in the solute at dendrite interface arms predicted by models (Spittle 2006) and 
shown experimentally for Al-Cu alloys (Ares et al. 2010). In addition, there might be a difference in the 
solidification time between both experiments. 
The secondary arm dendritic spacing is finer in the solidification at 30º and 45º than in the other cases. The 
effect of natural convection is observed in the case of the inclination of the furnace at 30º and 45º, which is 
manifested in the thermal parameters by a decrease in the temperature gradients, an increase in the velocity of 
the liquid interphase and a decrease in the recalescence values. This led to a finer dendritic arm spacing and 
grain size in both regions (columnar and equiaxed). 
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4. Conclusions 
The influence of the solidification direction on the CET was studied in zinc-aluminum alloys and the CET 
zone was obtained with all the inclinations of the furnace.  
For approximately the same cooling rate, the length of the columnar zone is larger in the case of the 
samples solidified at 0º respect to the vertical axis than in the tilted samples.  
Minimal and critical gradients and recalescence or thermal arrest are observed in the transition zone.  
A negative gradient was observed in the case of the samples solidified at 0º (vertical) and 90º (horizontal). 
The velocity of the liquidus interphase in all directions of solidification is greater than the velocity of the 
solidus interphase.  
The direction of growth of dendrites is about the direction of the heat extraction.  
The angle of inclination of the columnar grains and dendrites with the longitudinal axis of the alloy sample 
coincides approximately with the angle of inclination of the furnace.  
In the three directions (0º, 30 and 45º), the microporosity due to shrinkage during solidification of the 
samples occurs at approximately the same position. 
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